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SUMMARY 

The overall goal of the present work was to demonstrate the successful development 

and use of an optical stress gauge for time-resolved stress measurements in shock 

wave experiments. The work described in this report represents the culmination of a 

comprehensive research effort that demonstrated the transition of a novel scientific 

concept to a usable stress gauge. 

In the first part of our work, we demonstrated the predictive capability of our 

piezoluminescence model developed in our earlier work. We conducted plate impact 

experiments to determine the shift of ruby R-lines in r-cut samples subjected to uniaxial 

strain. Since our theoretical model had been developed entirely from experiments on c- 

cut and a-cut samples, the experimental results from r-cut samples provided a valuable 

check on the model predictions. The good agreement between the theory and 

experiments was gratifying and demonstrates that our theoretical model can be used 

with good confidence. 

In another part of our work, we examined the feasibility of increasing the signal intensity 

from ruby gauges using stimulated emission. In single event, time-resolved 

measurements, increasing the signal-to-noise ratio is an ongoing, important need. We 

carried out theoretical analyses to determine the signal gain for the particular 

experimental configurations of interest. Subsequently, experimental measurements of 

the signal gain were obtained at ambient conditions and under shock loading. Good 

agreement was obtained between the calculated and the measured signal gain. Hence, 

the use of stimulated emission needs to be explored in future experiments. 

The major part of the present work involved an experimental effort to develop and use 

miniature ruby sensors (400 ^m to 1000 ^m in diameter and 250 urn thick) in a wide 

variety of materials (metals, polymers, ceramics, and geologic solids) subjected to high 

stress and high strain loading using plate impact experiments. A considerable effort 

was spent in developing the experimental methods that would permit the fabrication and 

use of ruby sensors for in-situ, stress gauges in shocked materials. Good quality 



Signals were obtained at stresses ranging from 0.3 GPa to 8 GPa in shocked materials. 

Ruby gauges provided quantitative data during loading and unloading, and for time 

durations in excess of 5 jis. The ability to get good data under 2-D loading was also 

demonstrated. This development is expected to be valuable for many applications 

involving rapid impulsive loading. 

The long term objective of having a reliable, purely optical stress transducer for time- 

resolved measurements under dynamic loading was completed successfully. Starting 

with a novel scientific concept and through sustained experimental and theoretical 

efforts, a practical and useful optical stress gauge has been developed. 

The next step would be to use these gauges in various applications to establish the 

experimental limits of their usage. Most importantly, a careful analytic/numerical effort 

needs to be undertaken to develop accurate procedures to invert the gauge output in a 

meaningful manner. 

in 
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CONVERSION TABLE 

Conversion factors for U.S. Customary to metric (SI) units of measurement. 

MULTIPLY 
TO GET «4- 

■> BY 
BY <- 

> TO GET 
—  DIVIDE 

angstrom 1.000 000 XE -10 meters (m) 
atmosphere (normal) 1.013 25 XE+2 kilo pascal (kPa) 
bar 1.000 000 XE+2 kilo pascal (kPa) 
barn 1.000 000 E-28 meter2 (m2) 
British thermal unit (thermochemical) 1.054 350 XE+3 joule (J) 
calorie (thermochemical) 4.184 000 joule (J) 
cal (thermochemical/cm ) 4.184 000XE-2 mega joule/m2 (MJ/m2) 
curie 3.700 000 X E +1 *giga becquerel (BGq) 
degree (angle 1.745 329 XE-2 radian (rad) 
degree Fahrenheit tk = (t°f + 459.67)/1.8 degree kelvin (K) 
electron volt 1.602 19 XE-19 joule (J) 
erg 1.000 000 XE-7 joule (J) 
erg/second 1.000 000 XE-7 watt (W) 
foot 3.048 000 X E -1 meter (m) 
foot-pound-force 1.355 818 joule (J) 

meter3 (m3) gallon (U.S. liquid) 3.785 412 XE-3 
inch 2.540 000 X E -2 meter (m) 
jerk 1.000 000XE+9 joule (J) 
joule/kilogram (J/kg) radiation dose absorbed 1.000 000 Gray (Gy) 
kilotons 4.183 terajoules 
kip (1000 Ibf) 4.448 222 X E +3 newton (N) 
kig/inch2 (ksi) 6.894 757 X E +3 kilo pascal (kPa) 
ktap 1.000 000 XE+2 newton-seconds/m2 (N-s/m2) 
micron 1.000 000 XE-6 meter (m) 
mil 2.540 000 X E -5 meter (m) 
mile (international) 1.609 344 XE+3 meter (m) 
ounce 2.834 952 X E -2 kilogram (kg) 
pound-force (lbs avoirdupois) 4,448 222 newton (N) 
pound-force inch 1.129 848 XE-1 newton-meter (N' m) 
pound-force/inch 1.751 268 XE+2 newton/meter (N/m) 
pound-force/foot2 

4.788 026 X E -2 kilo pascal (kPa) 
pound-force/inch2 (psi) 6.894 757 kilo pascal (kPa) 
pound-mass (Ibm avoirdupois) 4.535 924 XE-1 kilogram (kg) 
pound-mass-foot2 (moment of inertia) 4.214 011 XE-2 kilogram-meter2 (k- gm2) 
pound-mass/foot3 1.601 846 XE+1 kilogram/meter3 (kg/m3) 
rad (radiation dose absorbed) 1.000 000 XE-2 "Gray (Gy) 
roentgen 2.579 760 X E -4 coulomb/kilogram (C/kg) 
shake 1.000 000 XE-8 second (s) 
slug 1.459 390 XE+1 kilogram (kg) 
torr (mm Hg, 0° C) 1.333 22 XE-1 kilo pascal (kPa) 

k The becquerel (Bq) is the SI unit of radioactivity: 1 Bq = 1 event/s. 
"• The Gray (Gy) is the SI unit of absorbed radiation. 
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SECTION 1 
INTRODUCTION 

1.1      OBJECTIVES. 

In our earlier work (carried out under DNA Contract 001-88-C-0070)*, we had carried out 

a comprehensive investigation to understand stress-induced changes in the ruby R-line 

spectrum under shock loading. The work described in this report builds on the earlier 

work to continue the development of an optical stress sensor for use under dynamic 

loading. The overall goal of the present work was to demonstrate the successful 

development and use of ruby gauges to obtain time-resolved stress measurements in 

shock wave experiments. The specific objectives of the present work were: 

1. To examine the predictive capability of our piezoluminescence model by 

comparing theoretical predictions with experimental measurements of R-line 

shifts for shock loading along the low symmetry, r-direction. 

2. To examine the feasibility of stimulated emission for measuring R-line shifts in 

shocked ruby; such a development would permit improved signal quality in 

applications. 

3. To develop experimental methods that would permit the use of miniature ruby 

sensors for in-situ, stress measurements in shocked solids. 

4. To demonstrate the use of miniature ruby gauges for measuring stresses during 

loading and unloading in a variety of materials. 

5. To examine the issues associated with inverting the ruby data to determine 

sample stresses. 

The above list of objectives was designed to develop a practical, in-situ optical stress 

gauge that could be used in a wide variety of materials subjected to dynamic loading. A 

* To facilitate the discussion in this report, the summary from our earlier report (DNA-TR-93-128) is 
presented as Section 1.2 



significant fraction of the present work involved the development of successful 

experimental methods for using miniature ruby sensors. 

1.2      SUMMARY OF PREVIOUS WORK (DNA-TR-93-128). 

The overall goal of this work was to provide an in-depth understanding of stress-induced 

changes in the ruby R-line spectrum under shock loading. This goal completes the 

fundamental investigation, initiated at Washington State University, to develop an 

optical stress gauge that permits accurate, time-resolved stress measurements under 

dynamic loading conditions. The work described in this report represents an important 

step in making the transition from a scientific concept to a well characterized stress 

sensor. 

In the first part of our work, we developed an experimental method to measure the 

wavelength shifts of the R-lines in ruby samples subjected to well defined, large tensile 

stresses. Plate impact experiments were used to produce uniaxial strain tension along 

the crystal c-axis. Peak longitudinal stresses up to 105 kbar were obtained in tension. 

Both R-lines remained sharp and showed a reversible, nonlinear blue shift in tension; 

for this orientation the Ri - R2 splitting increases with increasing tension. The ability to 

obtain quantitative data in tension is an important advantage for stress gauge 

applications. 

In the second part of our work, we examined the effect of crystal orientation on ruby R- 

line shifts, under elastic compression and tension, by measuring shifts in crystals 

shocked along the a-axis and comparing these data with the shock data along the c- 

axis and hydrostatic measurements. The experimental results show strong anisotropy 

in R-line shifts for both compression and tension, and provide evidence for local 

symmetry changes under shock loading. The nonlinear increase in R1 - R2 splitting for 

both compression and tension is in marked contrast to the c-axis data. The strong 

anisotropy observed in the spectroscopy results is a novel finding because the 

continuum response of sapphire (or ruby) is isotropic. An interesting result from this 

work was the finding that the R2-line shift depends on the density compression and is 

independent of nonhydrostatic stresses and crystal orientation. 



In the next stage of our work, we extended the theoretical work of Sharma and Gupta 

[Phys. Rev. B 43, 879 (1991)]. This earlier effort represented a conceptual 

breakthrough because it related the R-line shifts to different deformation conditions. 

The extension carried out in the current project permits an analysis of R-line shifts for 

any arbitrary deformation or crystal orientation as long as the crystal response is elastic. 

Thus, the theoretical developments permit a consistent analysis of all available shock, 

hydrostatic, and uniaxial - stress deformation data on R-line shifts. 

In the next stage of our work, we undertook a comprehensive investigation of the R-line 

shifts at higher shock stresses. The specific objectives were to determine the upper 

stress limit for reversible (or elastic) response, and to determine the ability of the sensor 

to function beyond the elastic limit. Because spectral measurements during inelastic 

deformation require special considerations (large dynamic range for the detector, 

precise measurements of intensities, line broadening, and spectral structure), a 

significant effort was spent in modifying the recording system. These experimental 

developments turned out to be essential for the high stress work. The R-line data, in 

combination with some absorption data on sapphire (not reported here), suggest an 

elastic limit of 145-150 kbar for c-cut ruby and an elastic limit of approximately 170 kbar 

for a-cut ruby. Beyond the elastic limit (impact stress of 205 kbar assuming an elastic 

response), the changes in R-line spectra correspond to an elastic response (a 

discontinuous shift within experimental resolution) followed by stress relaxation and 

inelastic deformation. The a-cut crystals show rapid stress relaxation, considerable line 

broadening and structure, and strong hysteresis; essentially, the a-cut crystals are not 

usable beyond the elastic limit. In contrast, shock propagation along the c-axis results 

in slower stress relaxation, minimal line broadening, distinct R-lines and lower 

hysteresis. The optical quality of the data permits the use of the c-axis crystals beyond 

the elastic limit. Such usage will, however, need to incorporate hysteresis effects. The 

R-line spectra have provided information about the nature of inelastic deformation in 

shocked sapphire. 

In the final stage of our work, we explored the use of developing sensors that may 

provide higher precision at low stresses (below 20 kbar). The preliminary experiments 



described in our earlier report (DNA-TR-89-136) were modified to measure the time- 

resolved shift of the fluorescence spectrum of a dye (Rhodamine 6G) in ethanol 

subjected to shock wave, uniaxial strain loading. A nonlinear, red shift of the 

fluorescence band was observed between 2.6 and 19 kbar. These data show the 

potential of using this shift as an optical pressure sensor at low stresses (below 20 kbar) 

to complement the ruby sensor. 

All of the objectives for the present work were successfully completed and the present 

results provide a good basis for shifting the focus of the work from characterizing and 

understanding the ruby response to using the ruby gauge for stress measurement 

applications. 



SECTION 2 
SYNOPSIS OF EXPERIMENTAL AND THEORETICAL DEVELOPMENTS 

2.1 RUBY R-LINE SHIFTS FOR SHOCKED R-CUT CRYSTALS. 

The successful development and use of an in-situ, ruby gauge requires that we have a 

rigorous understanding of the R-line shifts under arbitrary loading. Hence, we need to 

ascertain if our piezoluminescence model can be used to predict R-line shifts with good 

confidence. 

The theoretical developments we had carried out were based on shock compression 

along the c and a axis. The developments were general enough to be applicable to any 

arbitrary strain state in the ruby. It was decided that shock compression along a low 

symmetry direction would provide a good test of the predictive capability of the model. 

Because they are readily available, we chose to examine r-cut crystals, that is, we 

undertook shock compression experiments along the (M02) direction. 

The theoretical formulation was used in conjunction with the nonlinear model 

parameters to predict ruby R-line shifts for shock compression along the r-direction. 

Predictions of Ri shift, R2 shift, and RrR2splitting were compared with experimental 

measurements. Good agreement was observed between theory and experiments and a 

good case can be made for the predictive capability of our theoretical model. 

During the present work, it was discovered that the elastic limit for shock propagation 

along the r axis was considerably smaller (-6.5 GPa) than that observed for c and a 

axis. This observation, initially surprising since no similar finding has been reported in 

the literature, was confirmed using quartz gauge measurements. 

Details of this work may be seen in Appendix A. 

2.2 FEASIBILITY OF STIMULATED EMISSION TO MEASURE R-LINE SHIFTS IN 
SHOCKED RUBY. 

In all previous studies, ruby R-line shifts under shock compression and tension were 

measured using the spontaneous luminescence from optically pumped samples. The 



Signal intensities obtained through the use of this method are limited by the rather long 

lifetime of the ruby luminescence. The typical experimental duration ranges between 

100 ns to several microseconds while the R-line luminescence lifetime is 3 ms. Hence, 

only a fraction of the energy stored is emitted in the experiment. Additionally, the 

emission fluoresces into all angles. 

We investigated the use of stimulated emission to obtain higher intensities for 

measuring R-line shifts. Theoretical calculations were carried out to determine the 

magnitude of the signal gain for the particular experimental arrangements of interest in 

shock wave experiments. Experiments were then conducted at ambient conditions and 

under shock loading to measure the signal gain. Good agreement was obtained 

between the calculated signal gain and the experimentally measured signal gain. 

Hence, this work makes a good case for incorporating the stimulated emission 

technique for improved signal-to-noise ratio in measuring ruby R-line shifts in shock 

wave experiments. 

Details of this work may be seen in Appendix B. 

2.3      DEVELOPMENT AND USE OF MINIATURE RUBY SENSORS IN SHOCK 
WAVE EXPERIMENTS. 

This effort comprised the major element of the present research project. The successful 

development and use of ruby R-line shifts forin-situ, stress measurements in shocked 

materials has been the principal objective of our long term research effort supported by 

DNA. This development marked the transition of a novel scientific concept to a 

practical, in-situ, optical stress sensor. 

Throughout this work, the emphasis was on the development of a reliable ruby gauge 

which could be used in a wide variety of materials. A significant fraction of our effort 

was spent in developing experimental methods to prepare miniature ruby sensors, to 

mount them on optical fibers, to embed them in samples, and to obtain good quality 

data using these sensors in plate impact experiments. 



We were successful in obtaining good quality data in a variety of representative 

materials: metal, polymer, ceramics, and a geologic solid. Good ruby data were 

obtained at stresses ranging from 0.3 GPa to 8 GPa and for time durations exceeding 5 

(as. R-line shifts were obtained under both loading and unloading. An interesting and 

important observation was that the ruby gauges provide good data during 2-D loading 

conditions. This is an important finding since most applications involve non-planar 

loading. Because of the paucity of reliable stress sensors under non-planar loading, the 

ability to get good data under non-planar loading will be valuable for future work. 

The size of the miniature ruby sensors and the fact that their mechanical response is 

elastic is beneficial for several reasons: sensor survival has a high probability; stress 

distributions at sub-mm length scales can be obtained; any hysteresis observed in the 

gauge data arises due to residual stresses in the sample. Of course, as always, the 

gauge-matrix interaction (or the inclusion problem) needs to be addressed to obtain 

sample stresses from the gauge output. 

The principal perturbation to the sample stresses by the in-situ, gauge arises due to the 

presence of the optical fiber. The length scales over which these perturbations are 

significant can be reduced by using small fibers but the problem can not be eliminated. 

We emphasize that this problem is present in all in-material measurements, irrespective 

of the gauge type, to some degree. 

Further details about this part of the work may be seen in Appendix C. An important 

result shown in the Appendix is the apparent finding of a single calibration curve for the 

R2-line shift vs. sample mean stress in several different materials. While this result is 

very encouraging, further work is needed to establish the universality of this result. 

To date, the miniature ruby gauges developed at Washington State University have 

produced good quality signals in a wide variety of materials shocked between 0.3 to 8 

GPa. Hence, the development of the ruby gauge for dynamic loading has been 

completed successfully. This development is based on a strong experimental and 



theoretical foundation, and the output from in-situ, ruby gauges can be used to check 

the material response of samples subjected to dynamic loading. 

Future work needs to establish the experimental limits for stress bounds and to use 

them in various applications of interest. 



2.4     ANALYSIS OF THE RUBY GAUGE DATA. 

During the course of this work, we spent some effort to address the following problem: 

how to invert the ruby gauge data to obtain stresses in the samples? Essentially, this is 

the gauge-matrix interaction problem and a broad range of "forward solutions" need to 

be carried out to understand and address this problem. Toward this end, we have 

successfully worked out the analytic approaches to link our piezoluminescence model to 

a 2-D, finite difference code in which the ruby sensor and the optical fiber are modeled 

explicitly and with sufficient spatial resolution. 

While the analytic/numerical approach to do the "forward solution" has been 

successfully developed, the resources in our research project did not permit us to 

complete the numerical analyses and to carry out the extensive calculations to fully 

address this need. The work to date should be considered as a good start but viewed 

as work in progress. In our estimation, the most important future need is to carry out a 

wide range of numerical solutions in which the relevant parameters are varied 

systematically. Such calculations, coupled with a small number of well designed 

experiments, will go a long way toward the reliable and routine use of the ruby sensor 

as an in-situ, stress gauge under dynamic loading. Given the considerable payoff in a 

wide variety of DOD applications, such an investment is well worth the effort. 



SECTION 3 
CONCLUSIONS 

As stated in Section 1, the overall goal of the present work was to demonstrate the 

successful development and use of ruby gauges to obtain time-resolved stress 

measurements in shock wave or dynamic loading experiments. This goal has been met 

and good data from miniature ruby gauges have been obtained in the present work. 

The following specific objectives were completed: 

1. The predictive capability of our piezoluminescence model was demonstrated by 

the calculations and measurements of R-line shifts for shock compression along 

the r-axis. 

2. The feasibility of stimulated emission to enhance signal intensity associated with 

R-line shifts in shocked ruby was demonstrated. 

3. An extensive effort was undertaken to work out and optimize experimental 

methods to develop miniature ruby sensors for use in shock wave experiments. 

4. The use of miniature ruby sensors for in-situ, stress measurements was 

demonstrated for a wide variety of materials. Good data have been obtained in 

loading and unloading when samples were shocked to peak stresses ranging 

between 0.3 GPa and 8 GPa. Pulse durations in excess of 5 jas were recorded 

and we do not anticipate difficulties in recording data for 10 j^s or longer. 

5. The ability to get good data in 2-D loading was successfully demonstrated. 

The present work represents the culmination of a sustained research effort which has 

resulted in the development of a purely optical stress gauge starting from a novel 

scientific concept. This development was based on fundamental research that 

combined careful experiments and rigorous analyses. All of this fundamental work has 

been published in peer reviewed journals. Future work should address how the ruby 

gauge data can be inverted routinely to obtain sample stresses. 

10 
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Jin-Kee Hyun,a' Surinder M. Sharma,0' and Y. M. Gupta0' 
Shock Dynamics Center and Department of Physics, Washington State University, Pullman, 
Washington 99164-2814 

(Received 25 March 1998; accepted for publication 15 May 1998) 

Experimental measurements of the shifts of ruby R lines, for shock loading along the low symmetry 
r direction, were obtained to evaluate our earlier theoretical formulation regarding the response of 
R lines in ruby crystals subjected to arbitrary deformations. The experimental results show good 
agreement with the calculated values based on symmetry adapted irreducible strains and, therefore, 
make a strong case for the predictive capability of the theoretical model. Additionally, the 
parameters in the theory were augmented to incorporate the previously observed nonlinear shifts of 
the R lines for shock compression along the c and a axis. With the general validation of our 
theoretical model, oriented ruby chips can now be utilized in diamond anvil cell experiments to 
obtain quantitative estimates of stress deviators at high pressures. These, in rum, can be used to 
evaluate material strength, and the role of nonhydrostatic stresses on sample response, at large 
compressions.   © 1998 American Institute of Physics. [S0021-8979(98)07716-0] 

I. INTRODUCTION 

The response of ruby R lines has been investigated care- 
fully over the last several years in our laboratory by exam- 
ining the shift of these lines when well-oriented crystals of 
ruby are shocked along the c and a axis.1-5 Because the 
strain state is determined precisely in plane shock wave ex- 
periments, this approach provides an elegant way to correlate 
the macroscopic strain state of the crystal to the spectro- 
scopic response of the R lines. The observed variations in the 
position of the R lines were analyzed quantitatively by 
Sharma and Gupta3 in terms of a theoretical formulation, 
based on the symmetry changes around the Cr atom, that 
utilized symmetry adapted irreducible strains. This formula- 
tion is phenomenological since the parameters in the theoret- 
ical model were obtained partially from the experimental 
data. This theoretical formulation was further generalized by 
Shen and Gupta4 to write the R1-R2 splitting matrix explic- 
itly in terms of symmetry adapted strains. 

In principle, the theoretical developments are general 
enough to be applicable to an arbitrary strain state in the ruby 
crystal, but so far they have been tested only for uniaxial 
strain loading along the c and a axis.3-5 For a more general 
validation of the theory, it is necessary to examine the theo- 
retical predictions against experimental observations for 
well-defined loading along orientations other than the c and a 
axis. Additionally, it would be more appropriate to test the 
theory when uniaxial strain is applied along a relatively low 
symmetry direction, because such a deformation will change 
the relative magnitude of the symmetry adapted strains sig- 
nificantly in contrast to uniaxial strain along the c and a axis. 
Therefore, we have carried out experiments where the ruby 

"'Present address: Department of Chemistry and Biochemistry, University of 
Texas at Austin, Austin, TX 78712. 

wPermanent address: High Pressure Physics Division, Bhabha Atomic Re- 
search Centre, Bombay 400 085, India. 
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crystals were shocked along a (low symmetry) r direction, 
i.e., (1102). In the present article, we compare the theoretical 
predictions and the experimental results for this orientation. 
In addition, the parameters in the theoretical model3'4 have 
been modified to incorporate the observed nonlinear changes 
in the R line shifts,1'4'5 as a function of strain, for shock 
compression along the c and a axis. This modification en- 
tailed the addition of a nonlinear term while retaining the 
earlier linear term. Addition of the nonlinear term has further 
improved the good agreement obtained previously between 
the theory and experiments along the c and a axis.3-5 The 
comparison with the r-axis data presented here utilizes these 
parameters. 

We emphasize that the present work, though utilizing 
shock wave experiments, is likely of most utility for static 
high pressure studies employing diamond anvil cells (DAC). 
Recently, there has been considerable interest in determining 
material strength under compression at high pressures (Refs. 
6 and 7 and references therein). In these measurements, the 
stress deviators are evaluated using the equation of state of 
the material in quasihydrostatic compression.8 This proce- 
dure is known to overestimate the stress deviators.7 Thus, it 
will be useful to independently evaluate stress deviators at 
high pressures. If the theoretical model for detennining the 
i?-line response is shown to have predictive capability for 
uniaxial strain along an arbitrary orientation, then oriented 
ruby chips may be utilized for determining stress deviators at 
large compressions. 

II. THEORETICAL FORMULATION 

We briefly summarize the salient features of the theoret- 
ical model;3,4 a detailed discussion may be seen in these 
references. The unperturbed Hamiltonian, for describing the 
electronic states representing the ruby R lines, assumes a 
hypothetical octahedral symmetry around the Cr atom. The 
perturbation Hamiltonian is taken as linearly proportional to 
the irreducible strains. It is further assumed that the strain 
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induced changes in the Hamiltonian, for symmetry other than 
totally symmetric representation (Aj), are small enough to 
be treated by a second order perturbation theory. Symbolic 
representation of these statements is as follows (see Refs. 3 
and 4 for more details): 

^saam=HAl + HE+HTl, (1) 

Hven=HE+HT2+Haig(^V°x0)+H,0, (2) 

= V°x0+(exO+ex+ + ex-)VT2+(eu+ + eu-)VE, 

(3) 

where A j, E, and T2 represent the three irreducible represen- 
tations of the octahedral group; H^ or V^0 represents the 
ambient trigonal distortion of the octahedral arrangement at 
the Cr site; and Hso represents the spin-orbit coupling. VT 

and VE are parameters characteristic of rhombic and E dis- 
tortions (one component of which is tetragonal3), respec- 
tively. Strains represented by ex+ and ex. are rhombic, and 
those by eu+ and eu_ belong to E irreducible strain.3 The 
strains of A j type, the uniform strains, are included in the 
unperturbed octahedral part of the Hamiltonian (H0). 

To write the symmetry adapted strains, we first trans- 
form the strains from the crystallographic frame to the local 
trigonal coordinate system.3 The irreducible strains can then 
be written as follows 

e(A1) = exx+eYY+ezz, 

1 

(4) 

eu+ = -et- = --j={exx-eYY-2ieXY+2Vl{ezx+ieZY)'\, 

(5) 

ex+(T2) = -e*_{T2)=- — 

1 
- — (ezx+iezr) v2 

exo(T2)= — (2ezz-exx-eYY), 

2^exx-ery-2ieXY) 

(6) 

(7) 

where the strain terms on the right-hand side refer to the 
local trigonal coordinate system.3 

The matrix describing the R1, R2 splitting, obtained us- 
ing second order perturbation theory, has the following 
form:4 

C 

B 

0 

D* 

D 

0 

B 

-C* 

0 

D 

-C 

A 

' A 

C* 

D* 

0 

where 

M + 2KC 

£=187 cm-1 (spin-orbit coupling parameter), 

A' = e(2£)-e(2r2)=-6734 cm"1, 

(8) 

M=6K2+12K2\ex.\
2, 

K=KQ+K\eXQ, 

K0= -266.666 cm-1 (ambient trigonal field parameter), 

M-2K 
B = 

C= 

A'     ' 

2V2Kie*_ 

A' 

N 

N=-\2KlKex--6K\{e*_)2, 

q=Q/eu_  (the parameter related to E strains). 

Parameters K-^ and q are derived from the response of/? lines 
for shock compression along the c and a axis, respectively. 
K0, £, and A' are derived from spectral data at ambient 
conditions. We also assume that £ and A' do not change with 
compression. In principle these do vary but for the compres- 
sion range of interest, the variations may be ignored.3 

The eigenmatrix in Eq. (8) has two solutions, corre- 
sponding to the JRJ and R2 lines, 

_(A+B)±[(A-B)2+4(\C\2+\D\2)]m 

e*=- (9) 

The detailed form of R\-R2 splitting can be written as4 

A(e+-6_) = 
4K\2      lAK^2 

^1+2 ,*  |2 

+ 4 qeu-- 
\lKlKex-+6K\(e*_)' 

A' 

1/2 

(10) 

III. CHOICE OF PARAMETERS 

Essentially, there are only three parameters which we 
need to know to calculate the shifts and splitting of R lines: 
n[e(Ai)] represents the shift due to uniform strain; Kx 

gives the variation with respect to the T2 rhombic strains; 
and the third one is the q parameter corresponding to the 
strains of E representation. Due to the strength of the ambi- 
ent trigonal field in ruby, the trigonal field induced shift in 
the mean value of R} and R2 may not agree with the predic- 
tions of perturbation theory. Hence, we introduced another 
parameter, II(ex0), for the shift caused by the variations in 
the trigonal field.3 These parameters were evaluated in Refs. 
3 and 4, and for completeness they are listed below: 

Shift due to uniform strain, i.e., n[e(A!)] 

= -1977.5 cm"1, (H) 

Change in the trigonal field/trigonal strain=3457 cm-1, 
(12) 

Shift due to trigonal strain n(ex0) = 645.7cx0 cm-1, 
(13) 

A-3 



+a 

FIG. 1. Basal plane in ruby showing the relationship between the crystallo- 
graphy (hexagonal) and local trigonal coordinate system (XYZ). The indi- 
ces for the directions are with respect to crystallographic system. Also 
shown is a projection of the r-axis direction (1102) on the basal plane. 

value of q (two solutions)=3183.8 or -857 cm" (14) 

Nonlinear corrections: The above parameters were obtained 
from the data by assuming that for shock loading along the c 
axis the shifts and splittings are linear in strain while for 
shock loading along the a axis the mean of R^ and R2 shifts 
linearly with strain; note, for the evaluation of q this approxi- 
mation was not made.4 For small strains, this linear depen- 
dence is a good representation. At higher strains, the experi- 
mental data display a small curvature for shock loading 
along both the c and the a axis. From results along the c 
axis1,w and a axis,4 the shift due to uniform strain can be 
written as 

n[e(Ai)]=-1977.5e(Ai)-4360.6e2(A1). (15) 

Similarly, the shock response of R lines for shock loading 
along the c axis provides a nonlinear shift due to trigonal 
strain as 

n(ej0) = 645.5ei0- 35936.4e^0. (16) 

Furthermore, the earlier estimate of K1 was derived with 
the assumption that the variation in R2-Ri splitting, due to 
the change in the trigonal field, was linear in strain for shock 
loading along the c axis. However, experimental results for 
tensile and compressive strain along the c axis indicate that 
there is a small nonlinear contribution. The experimental 
data along the c axis provide 

^! = 3457-4776.16/i, (17) 

where fi=p/p0- 1. With these nonlinear corrections, the q 
values were recalculated to match the a-axis data; the new 
values are 

9=3087.2 or -764 cm-1. 

Incorporation of the nonlinear parameters and the new q val- 
ues has further improved the good agreement obtained ear- 
lier for shock loading along the c and a axis. Hence, the 
same is used for calculating the response for shock loading 
along the r axis. 
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FIG. 2. Schematic view of the overall experimental arrangement. 

IV. UNIAXIAL STRAIN ALONG r AXIS 

The orientation of r axis (1102) is shown with respect to 
the crystallographic axes and the local trigonal axes (XYZ) 
in Fig. 1. If we define the direction of shock propagation (r 
direction) as z', then x' and y' are in the plane of the shock 
front. The transformation matrix from the shock propagation 
direction to the trigonal frame can be written in terms of the 
Euler angles (<£, 6, and i//).9 In the present case, <f>=0°, ifr 
= 0°, and 6, the angle between (0001) and (1102) direction, 
is 57.6°. For shock propagation along the r axis, we can 
write the strain matrix in the primed coordinate system as 

(18) 

When transformed to the trigonal frame, the strain matrix has 
the form 

0 0 0" 

0 0 0 

0 0 e. 

0 0 0 

0     0.7129e      -0.4524e 

0    -0.4524e      0.287 le 
(19) 

This strain matrix leads to the following symmetry adapted 
strains: 

e{Ax) = e, 

ex0(T2) = -0.06935—, 

ex+(T2)= — (0.35645- iO.3199), 
v3 

eu+{E)= -= (0.7129+il.27958). 

(20) 

(2i) 

(22) 

(23) 
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These symmetry adapted strains lead to 

e+-e°+ = n[e(A1)MA1) + n(e;coKo 

+ 
\2K\ A-A0 

(24) 

e.-ei = U[e(A1)]e(Al) + U(ex0)ex0 + 

A-Ac 

12£2 

"I7" 

where 

(25) 

A = A(e+-e_) = 2 + 

J 

2K\2 /2AT1e\
2 

_   +0.15293 — 

KK 
-0.29104^+2.46956—— e-0.04944 

tf2e2 

+ 
KK 

0.52239^ + 2.21633—r| e +0.45611 
K\e2 

A' 

1/2 

(26) 

e°j. and e°_ represent energies corresponding to the ambient 
positions of R2 and R: lines, respectively, and A0 is the 
Ä]-/?2 splitting at ambient conditions. Using Eqs. (24)- 
(26), we have calculated the shifts and splitting in Sec. V. 

V. EXPERIMENTAL METHOD AND RESULTS 

The experimental procedures in the present work were 
very similar to those used previously for shock loading along 
the c and a axis.1'2'4'5 For the present measurements, 0.2 mm 
thick disks of ruby crystals were cut from a cylindrical rod 
(Union Carbide Corp., Cr~1.5%) with the_surfaces parallel 
to the crystal plane with Miller indices (1102). These ruby 
disks were polished to an optical finish on both sides. The 
crystal orientation was verified with the help of Laue x-ray 
diffraction and was found to be within ±1°. All shock ex- 
periments were carried out at 77 K using a sample cell de- 
sign developed earlier.2,5 Ruby disks were bonded with ep- 
oxy (Epon 815) to a-cut sapphire disks (3 mm thick and 36 
mm diameter, Union Carbide Corp.). The aluminum cell,2'5 

sealed with indium o rings was mounted in the target and 
aligned with respect to the impactor a cut sapphire disk (3 
mm thick and 36 mm diameter) with the help of an autocol- 
limator (Keuffel and Esser). 

A schematic view of the experimental arrangement is 
shown in Fig. 2. Light from a cw argon ion laser (514.5 nm, 
Coherent Innova 90-6), transmitted through an optical fiber 
(Diaguide STU 400 E-SY), is focused to approximately 1 
mm to excite the i?-line luminescence. The same fiber col- 
lects the luminescence and delivers it to the monochromator 
(Spex 1680,1200 groove/mm) through a dichroic beam split- 
ter (to separate the luminescence from the incident light). 
The luminescence spectrum is dispersed in time using a 
streak camera (Imacon 790), intensified by a microchannel 
plate (ITT F4113, P-ll phosphor), and recorded using an 
optical multichannel analyzer (EG&G OMA U with CCD 
detector). The spectral resolution of the recording system is 
—0.4 Ä/pixel and spectral calibration is performed just be- 
fore each experiment. The time resolved spectra were re- 
corded at a 45 ns interval for a total time of 1.6 /ts. Sample 
heating is avoided using a shutter which opens 10-20 ms 
prior to recording the spectra. 

Shock waves were generated by impacting the sample 
with an a-cut sapphire impactor mounted on a projectile. A 
single stage gas gun10 was used to accelerate the projectile to 
the desired velocities; projectile velocity was measured just 
prior to the impact. All of the ruby disks have a large diam- 

TABLE I. Summary of experiments. 

Particle Longitudinal Measured Ä-line shift (Ä). 
Experiment velocity2 Density stress0 

No. (mm//is) compression11 (kbar) AÄ,C AÄ2
C 

1 0.117 0.010 52.5 11.9 11.4 
-0.0106 -51.5 -9.3 -10.4 

2 0.129 0.0115 58 14.3 13.2 
3 0.15 0.138 68 17.7 16.0 
4 0.183 0.016 82.7 20 17.4 

5 0.200 0.018 91 22.5 18.3 

aThis is one-half the measured projectile velocity. 
■"Calculation of these values is discussed in Refs. 1 and 4; density compression is defined as p/p0-1. 
"Experimental precision associated with these measurements is typically ±0.5 Ä as discussed in Refs. 1 and 4. 
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FIG. 3. Shift of the ruby R lines as a function of time for the experiment 
with a longitudinal compressive stress of 58 kbar. The Rt data have been 
offset by +5 Ä for visual clarity. 

eter to thickness ratio, and the measurements were made in 
the center of the sample prior to the arrival of edge waves. 
Five successful uniaxial strain experiments were carried out 
and these are summarized in Table I. Tensile strain is gener- 
ated in the shock experiments through the interaction of rar- 
efaction waves as described in Ref. 5. Due to the fact that 
sapphire is mechanically almost isotropic,4 it is reasonable to 
assume that the shock response along r and a axis is the 
same. Furthermore, the shock response of sapphire at 77 K is 
the same as at room temperature.2 Hence, the mechanical 
quantities listed in Table I can be calculated as before1'4'5 

using the sapphire Hugoniot11 and the jump conditions.12 

The time-resolved variation of the positions of the R 
lines is shown in Fig. 3 for a peak compressive stress of 58 
kbar. The data for the Rl line have been offset vertically by 
5 Ä for visual clarity. The jump in the Ä-line positions due to 
shock wave arrival at the ruby disk is clearly visible. Within 
the experimental precision (~0.5 Ä), the R lines shift back to 
their original positions upon unloading. A discussion of the 
experimental precision may be seen in Refs. 1 and 4. The 
data in Fig. 3 are typical of Ä-line shifts in the elastic range 
and are similar to those observed for shock propagation 
along the c and a axis.1*4'5 The blue shift associated with 
tension is qualitatively similar to that shown in Fig. 3 of Ref. 
5. 

During the present work, we determined that the elastic 
limit for shock propagation along the r axis was considerably 
smaller (—65 kbar) than that observed for shock propagation 
along the c and a axis (the HEL exceeds 125 kbar for these 
two orientations). This observation, initially surprising, was 
confirmed independently by our quartz gauge measure- 
ments.13 At stresses above 65 kbar, the shift of the R lines 
show a time-dependent behavior consisting of a step increase 
followed by a gradual rounding to the peak value. Since the 
initial jump will reflect an elastic stress in the ruby, we have 
used only the shift of the R lines associated with the first 
jump (Table I) in our present analysis. Issues related to the 
time-dependent behavior of the /Mine shifts will be ad- 
dressed at a later date. 
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FIG. 4. (a) Comparison of the observed shift of the Rl line with the theo- 
retical predictions (dashed line), (b) Comparison of the observed shift of the 
R2 line with the theoretical predictions (dashed line). 

VI. DISCUSSION AND CONCLUSIONS 

Shifts of the Äj and R2 positions (cm-1) associated with 
uniaxial strain loading along the r axis are plotted as a func- 
tion of density compression (p/pQ-1) in Figs. 4(a) and 4(b), 
respectively. The compression data and the datum for tension 
are compared with the theoretical predictions calculated us- 
ing Eqs. (24) and (25). The good agreement observed in 
Figs. 4(a) and 4(b) makes a strong case for the validity of our 
theoretical model.3'4 

The R\-R2 splitting provides a more stringent test for 
the model predictions and, within experimental precision, 
good agreement can again be seen in Fig. 5. The present 
work has also allowed us to determine a unique value for the 
parameter q. Earlier results for uniaxial strain along the a 
axis could not distinguish between the two q values: —764 or 
3087.2 cm-1. The present data deviate systematically from 
the positive q value and the R\-R2 splitting show good 
agreement only for 9= -764 cm-1. In this context we note 
that for shock propagation along the r direction, \eu+/e*_\ 
=2.17 in contrast to \eu+ /e*_| = 1/V2" for shock propagation 
along the a axis. Therefore, for the same e(A:), the R{-R2 
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FIG. 5. Comparison of the observed variation of Äi-Ä2 splitting data with 
theoretical calculations (dashed line). 

splitting is more sensitive to q in the case of shock propaga- 
tion along the r axis than along the a axis. 

In conclusion, we note that the theoretical formulation 
presented in Refs. 3 and 4 predicts the shock induced shifts 
and the splitting of Rl and R2 lines of ruby accurately even 
for uniaxial strain loading along a low symmetry direction. 
This additional test of the theory lends confidence to the 
predictive capability of the theoretical model and should en- 
courage its usage under loading conditions where the ruby is 
subjected to more complex deformations. 

In view of the success in predicting the ruby Ä-line re- 
sponse for shock compression along arbitrary directions, ori- 
ented ruby chips can be used to provide a quantitative deter- 

mination of the stress deviators in diamond anvil cell 
experiments. These results, in turn, can be used to obtain 
material strength at very high pressures, and to evaluate the 
role of nonhydrostaticity on material phenomena at large 
compressions. Ä-line measurements along with x-ray data 
can be used to separate effects due to shear stresses and 
pressures in DAC measurements. 
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In previous studies, ruby /Mine shifts under shock compression and tension have been measured 
using the spontaneous luminescence from optically pumped samples. The signal intensities obtained 
are limited by the short time duration of the experiments in comparison to the long lifetime of the 
luminescence. We have investigated the use of stimulated emission for measuring /Mine shifts in 
shocked ruby crystals. Experiments were performed both at ambient conditions and under shock 
compression to 6 GPa using an experimental configuration similar to that used for time resolved 
ruby luminescence measurements in previous shock wave studies. Signal gain due to stimulated 
emission was observed, with gains ranging from 1.1 to 3.4, in agreement with calculations 
performed for the particular experimental configuration used. The present results make a good case 
for incorporating this technique into the measurement of shock induced /Mine shifts in ruby. 
© 1999 American Institute of Physics. [S0021-8979(99)07109-l] 

I. INTRODUCTION 

A comprehensive study of time-resolved /Mine shifts in 
ruby crystals subjected to compressive and tensile loading in 
plate impact experiments has been carried out by Gupta and 
co-workers.1-8 The success of the theoretical analysis4'6'8 in 
accurately modeling the ruby /Mine shifts for a variety of 
loading conditions has prompted the use of ruby as a stress 
sensor in dynamic loading experiments.9 Typically, the 
/Mine positions are measured by collecting the spontaneous 
luminescence. However, the signal intensities obtained in 
shock wave experiments through the use of this method are 
limited by the rather long lifetime of the ruby luminescence. 
The typical duration of a shock experiment is on the order of 
100 ns-1 fts, while the /Mine luminescence lifetime is ap- 
proximately 3 ms.10 Thus only a very small fraction of the 
energy stored in the ruby is emitted during the course of the 
experiment Further, the energy emitted fluoresces into all 
angles; only a fraction of this emission is collected and sent 
to the detection system. The use of stimulated emission to 
enhance the /Mine luminescence would overcome both of 
these limitations. By seeding the emission of the ruby, more 
of the energy stored in the ruby would be released during the 
experimental duration, and this energy would be released 
directionally to permit better coupling to the detection sys- 
tem. Because the strength of the stimulated signal is propor- 
tional to the inducing probe signal, one is not limited by the 
strength of the spontaneous luminescence signal when con- 
sidering the collection spot diameter or the time resolution in 
time-resolved experiments.2 The objective of this work was 
to investigate the feasibility of using stimulated emission to 
measure /Mine shifts in shocked ruby crystals. 

In Sec. II we present a brief summary of stimulated 
emission and describe our calculations performed to deter- 

mine if stimulated emission could be observed using the ex- 
perimental configuration used to obtain time-resolved ruby 
luminescence measurements under shock loading.1'2'6'7 In 
Sec. UI we summarize the experimental method used, and 
discuss the results of ambient and shock wave experiments 
performed to test calculational predictions. Concluding re- 
marks are given in Sec. IV. 

II. THEORETICAL BACKGROUND AND 
CALCULATIONS 

In order to realize stimulated emission in ruby, there 
must exist a population inversion of the Cr+3 ions respon- 
sible for the /Mine emissions. The probability of induced 
absorption or emission is equal.10 Thus, which of these two 
processes will dominate depends upon the relative number of 
ions in the ground and excited states. This is explicitly ap- 
parent in the expression 

dlv(z)    (N2-(g2/gl)N1)c
2 

dz Zirn2v27 
g(v,vn)Iv(z)=yv(z)Iv(z), 

''Electronic mail: shock@wsu.eda 

(1) 
where lv is the intensity of the light at frequency v, z is the 
spatial coordinate in the direction of light propagation, and 
yv is called the small signal gain coefficient. Nx and N2 and 
gi and g2 are the population densities and the degeneracy 
factors of the ground and excited states, respectively; n is the 
index of refraction of the crystal; r is the spontaneous life- 
time of the transition; and g ( v, vx2) is a normalized distribu- 
tion function, centered at frequency vn, which describes the 
line shape of the transition between the ground and excited 
states. 

At thermal equilibrium, the ratio of the excited state and 
ground state populations is given by a Boltzmann distribu- 
tion, and thus the small signal gain coefficient, yv, is nega- 
te. In this situation absorption will dominate, and the in- 
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tensity of light at or near the frequency of the transition, 
denoted by Vj2, will be attenuated as it propagates through 
the crystal. If, on the other hand, the crystal is excited such 
that there exists a population inversion of the ions, then Sv is 
positive, and the intensity of light at or near the frequency 
vl2 will grow exponentially as it propagates through the 
crystal; optical gain will occur through the process of stimu- 
lated emission. 

It should be noted that the derivation of Eq. (1) approxi- 
mates the active ion as a simple two level system.10 The Cr+3 

ion in ruby is not quite a simple two level system. The ions 
are optically pumped from the ground state to the excited 
state, a metastable 2E state, through the broad 4FX and 4F2 

bands; these bands have an extremely short lifetime, with the 
ions undergoing a nonradiative decay to the metastable 2E 
state. Further, the metastable 2E state consists of two sublev- 
els, the /?i and R2 levels. However, the derivation for the 
simple two level system is still applicable provided that the 
excited state population density includes only the ions of the 
sublevel of interest11 Since the relaxation time between the 
sublevels is on the order of a nanosecond or less,11 the ratio 
of the population densities of the sublevels is essentially con- 
stant and is given by a Boltzmann factor T=N2(R2)/ 
N2(Ri)z=exp(AE/kbT), where AF is the energy difference 
between the Fj and R2 levels (approximately 29.1 cm-1 at 
ambient conditions). 

Given that T is essentially a constant, the small signal 
gain coefficients for ruby can be rewritten in terms of T. It is 
also useful to replace the ground state and excited state 
population densities, iV-! and N2, with the excitation ratio r 
=N2/Ntal!i. Rewriting Eq. (1) or the usual gain equation10 

in terms of these quantities, the small signal gain coefficients 
for the /?i and R2 transition are given by 

,  ,    ^«Jr/(l+r)-(g2/gl)(l-r)]c2 

Wv)= %^rr  

and 

Av 
X—[[(v-vRi)

2+^v/2)2r\ (2) 

and 

^2(V)= 8^V  

X^ttv-^Z+KAz^)]2}-1, (3) 

where g(v,v12) has been replaced by a Lorentz function of 
width Av, which accurately describes the line broadening of 
the ruby transition due predominately to thermal 
broadening.11 

For the ruby used in this study, consisting of 
0.4wt%Cr2O3, the gain coefficient for both the /?i and R2 

transitions can be quite high. Using the parameters of ruby 
with this chromium concentration, the gain coefficients per 
unit length at the peak of the Fj and R2 transitions are 

•yÄi=2.66(2.07r-l)/cm (room temp.), (4) 

=9.25(2.14r-l)/cm (160 K), (5) 

yR =2.93(1.93r-l)/cm (room temp.). (6) 

Thus, for excitation ratios near unity the small signal gain 
coefficients are approximately 2.85/cm and 2.72/cm for the 
/?i and R2 transitions at room temperature, respectively, and 
approximately 10.55/cm for the Fj transition at 160 K. The 
reason for the large increase in the gain coefficient at lower 
temperatures is due to the temperature dependence of the 
linewidth of the transition;11 the lower the temperature, the 
narrower the linewidth of the transition, and thus the larger 
gain coefficient 

As seen in Eqs. (4)-(6), the extent of the gain realized 
for light propagation through the ruby crystal depends upon 
two factors: (i) the extent of excitation of the ruby, and (ii) 
the thickness of the ruby crystal through which the fight 
propagates. By pumping the ruby via the green absorption 
band using a pulsed laser, excitation ratios of near unity can 
be obtained. However, the thickness of the sample in shock 
wave experiments must necessarily be small; this is particu- 
larly true in time-resolved experiments, because the temporal 
resolution depends on the shock wave traversal time through 
the sample.2,6 Thus the sample thickness is the limiting factor 
in whether or not significant gain can be realized in a shock 
wave experiment To determine if significant gain could be 
achieved for the particular experimental configuration used 
in time-resolved shock wave studies,2,6 calculations were 
performed to predict the gain that could be expected for the 
experimental configuration described in Sec. DL 

To estimate the magnitude of the signal gain due to 
stimulated emission for the particular experimental arrange- 
ment of interest the following procedure was carried out 
For a given pump beam energy, the flux of the pump beam at 
a distance z into the sample was approximated by 

F(z) = F0{exp(-az)+exp[-a(2<f-z)]}, (7) 

where F0 is the incident flux corrected for reflection losses at 
the crystal surface, a is the absorption coefficient at the 
pump wavelength, and d is the sample thickness. The first 
term in Eq. (7) corresponds to the incident pump beam, 
while the second term corresponds to the residual pump 
beam reflected from the aluminum/ruby interface (the other 
surface). Given an expression for the flux as a function of 
position in the sample, the excitation ratio as a function of 
position was determined from the solution to the simplified 
rate equation10 

r(z) 
_N2(z) _ 1 -exp[[l + 1/O-12F(Z)T][-<712F(z)fpBlse]J 

N, total [l + l/<712F(z)r] 
(8) 

where F(z) is given by Eq. (7), crn is the absorption cross 
section at the pump wavelength, and fpulse is the duration of 
the pump beam pulse. The signal gain due to stimulated 
emission was then determined by numerically integrating 

dl, 
dz 

: 7Äz)Iv(z), (9) 

using Euler's method. We note that the use of the small 
signal gain coefficient in these calculations is justified; gain 
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FIG. 1. Signal gain vs pump beam energy. The solid lines indicate the 
results of the calculations performed for the particular experimental configu- 
ration used. The data were taken under ambient pressure conditions. 

saturation, due to significant depletion of the excited state 
population,10 is not an issue in the present experiments. This 
is because of (i) the efficient pumping of the ruby through 
the use of a pulsed dye laser resulting in excitation ratios of 
near unity, (ii) the relatively low intensity of the probe beam 
which is comparable to the intensity of the spontaneous 
emission, and (iii) the short time scale of the present experi- 
ments with respect to the spontaneous emission lifetime. All 
three of these factors preclude significant depletion of the 
excited state population during the time scale of the present 
experiments. 

The results of the calculations performed to determine 
the signal gain as a function of pump beam energy at the R1 

and R2 transitions at room temperature, and the Rl transition 
at 160 K, are shown in Fig. 1. These calculations were per- 
formed at the frequency corresponding to the peak in the Äj 
and R2 transitions for a ruby sample thickness of 800 paa. 
The asymptotic behavior of the signal gain with the increase 
in pump beam energy is due to the fact that complete popu- 
lation inversion is approached. Thus for pump beam energies 
above approximately 20 mJ the gain coefficient is nearly a 
maximum throughout the crystal and the maximum possible 
signal gain is achieved. The calculational results suggest that 
signal gains as large as 1.6 can be obtained at room tempera- 
ture using experimental configurations typically used in 
time-resolved shock wave studies.2,6 

Ruby Sample 

Projectile 

III EXPERIMENTS AND RESULTS 

The experimental configuration considered for the calcu- 
lations, and used to observe stimulated emission in this 
study, is shown schematically in Fig. 2. This experimental 
configuration is similar to that used in previous time- 
resolved ruby luminescence measurements under shock 
loading.1-2-6-7 A 19 mm diam by 800 /an thick, c-cut ruby 
disk (0.4wt%Cr2O3) was epoxied between a 6061-T6 alu- 

FIG. 2. Schematic of the experimental configuration used to observe stimu- 
lated emission under shock compression. 

minum disk and a c-cut sapphire disk. The epoxy bond thick- 
nesses between the disks were measured to be less than 2 
/on. A lens assembly, positioned behind the sample, focused 
the output of an optical fiber to a spot size of approximately 
400 /on at the aluminum/ruby interface. This fiber was used 
to deliver both the output of a pulsed dye laser (CandeUa 
SIX 5000), to optically pump the ruby through the green 
absorption band, and the output of an electro-optic modu- 
lated (Con-Optics model 380) continuous wave (cw) dye la- 
ser (Coherent CR599 pumped by a Coherent Innova 90 Ar+ 

laser), to seed the ruby emission. The aluminum disk was 
highly polished to provide a reflective surface at the 
aluminum/ruby interface. The reflective surface allowed for a 
double pass of the pump beam and probe beam through the 
ruby sample. Such an arrangement provided a longer path 
length through the ruby crystal, which resulted in more effi- 
cient pumping of the ruby and a larger increase in the signal 
gain of the probe beam. 

The same fiber used to deliver the pump and probe 
pulses was also used to collect the spontaneous and stimu- 
lated emission from the ruby sample. The collected emission 
was coupled into the detection system using a dichroic beam 
splitter. The signal was spectrally dispersed by a spectrom- 
eter (SPEX 1680, //4, 0.22 m). The output of the spectrom- 
eter was then incident on a streak camera (Hadland Photon- 
ics, Imacon 790), which provided temporal dispersion. The 
streak camera output, a two-dimensional distribution of light 
intensity with wavelength along one axis and time along the 
other, was intensified with a microchannel plate image inten- 
sifier (ITT model F4113), and digitally recorded on a charge 
coupled device (CCD) (EG&G model 1430P). The CCD im- 
age was binned along the time axis into 64 spectra, each 
separated in time by 32 ns. Details concerning the timing and 
synchronization in these experiments can be found 
elsewhere.1-2,6,7 
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FIG. 3. Spectra obtained to quantify the signal gain: (a) spontaneous signal, 
corresponding to the spontaneous luminescence, (b) probe signal, corre- 
sponding to die cw dye laser probe beam, and (c) induced signal, corre- 
sponding to the spontaneous luminescence, stimulated emission, and the 
probe signal. The solid lines are the fits to the data. 

It should be noted that, ideally, a somewhat broad band, 
high intensity light source should be used as a probe to 
stimulate emission. This is because the ruby exhibits two 
emission lines and, further, these lines shift in wavelength 
under compression. However, at the time of this study, a 
suitable broad band, high intensity light source was not 
available to us. Thus we used a narrow band cw dye laser as 
the probe beam in these experiments. 

A number of experiments were performed under ambient 
conditions in order to test the predictions of the calculations 
described in Sec. H Care was taken to remove the spontane- 
ous emission contribution to the stimulated emission signal 
in determining the observed gain from the experimental data. 
To quantify the signal gain the following procedure was fol- 
lowed. At a given pump beam energy, three spectra were 
taken: (i) the spontaneous signal, corresponding to the spon- 
taneous luminescence from the ruby crystal obtained by 
pulsing the pump beam with the probe beam off, (ii) the 
probe signal, corresponding to the cw dye laser probe beam 
obtained with the probe beam on but not pulsing the pump 
beam, and (iii) a signal which will be called the induced 
signal, corresponding to both the spontaneous luminescence 
and the stimulated emission from the ruby crystal along with 
the cw dye laser probe beam obtained by pulsing the pump 
beam with the probe beam on. Each of the spectra, shown in 
Figs. 3(a)-3(c), were then fitted to Lorentzian peaks, and the 
remainder of the analysis was done using the peak values of 
the Lorentzians. The gain for each spectrum was determined 
by calculating the ratio (induced — spontaneous)/probe. This 
exercise was performed for each of the 32 ns time-resolved 
spectra. The signal gain and uncertainty in the signal gain 

Time (ns) 

FIG. 4. Results of the shock wave experiment. The peak position of the 
probe beam and the ruby R^ line vs time are shown in the top half; the 
typical measurement precision of our system is ±0.05 nm. The bottom half 
shows a plot of the peak counts for the signal of interest (denoted by the 
difference of the induced and spontaneous emission) vs time. 

were then determined from the average and standard devia- 
tions of the values determined for each spectrum, respec- 
tively. The results of experiments performed at the Rx and 
R2 transitions at ambient pressure are displayed in Fig. 1, 
along with the results of the calculations. The observed gain 
ranged from 1.1 to 3.4, in reasonable agreement with the 
calculated results. 

To observe stimulated emission under shock compres- 
sion, a shock wave experiment was performed using the ex- 
perimental configuration described above. As mentioned ear- 
lier, ideally a somewhat broad band light source should be 
used as a probe to stimulate the emission because the ruby R 
lines shift under shock compression. At the time of this 
study, since no such light source was available to us, it com- 
plicated the shock experiment. In order to observe stimulated 
emission under shock compression the dye laser used to seed 
the ruby emission, with a linewidth of less than 0.1 nm, had 
to be tuned to the wavelength at which the Rt line, with a 
linewidth of approximately 0.5 nm, was expected to shift to 
under compression. This was made possible, given the theo- 
retical model4,6 developed to predict the ruby /Mine shifts 
for arbitrary loading conditions. 

A plane shock wave was generated by impacting the 
sample with a 6061-T6 aluminum projectile accelerated by a 
light gas gun12 to a velocity of 0.51 km/s. The stress reached 
in the ruby sample, determined from the measured projectile 
velocity and the known shock response of the various 
materials,2,6,7'13 was approximately 6 GPa. Based on the the- 
oretical model,4'6 the expected redshift in the Rt line was 
0.94 nm. 

The results of the shock experiment are shown in Fig. 4. 
Plotted in the top half of Fig. 4 are the peak positions versus 
time of the probe beam and the ruby R i line. Figure 4 can be 
divided into three distinct regions: (1) the pre-shock state, in 
which the ruby was at ambient conditions, (2) the shocked 
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State, in which the ruby was held at approximately 6 GPa, 
and (3) the postshock state, which began at the arrival of the 
rarefaction wave and included the arrival of the edge waves. 
As can be seen, the peak position of the Rx line shifted 
slightly past the peak position of the probe beam in the 
shocked state. This was due to two factors: (i) the probe 
beam wavelength was tuned to a slightly shorter wavelength 
than desired, and (ii) the actual projectile velocity was 
slightly higher than was desired (in gas gun experiments, 
projectile velocities can only be predicted to within a few 
percent), which resulted in a slightly larger shift in the Rx 

line than anticipated. Upon arrival of the rarefaction wave, 
the RY line returned nearly to the ambient position, and 
slowly approached the probe beam position as edge waves 
reached the probed region of the sample. 

The bottom half of Fig. 4 shows the peak counts for the 
signal of interest (the difference between the induced and 
spontaneous signals) versus time. Figure 4 very, nicely illus- 
trates the effect of the Rx line position on the stimulated 
emission signal. Not only was there stimulated emission in 
the region corresponding to the shocked state, but there was 
also a gradual increase in stimulated emission as the Rx line 
slowly approached the probe position in region 3. 

A procedure similar to that used in the ambient experi- 
ments was followed to quantify the gain observed in the 
shocked state. The observed gain was measured to be 1.23 
±0.04. Had the Rx line shifted to the wavelength position of 
the probe beam exactly, the expected signal gain for this 
experiment would have been approximately 1.5. However, in 
the shocked state the peak positions of the Äj line and the 
probe signal were separated by approximately 0.2 nm. Be- 
cause the gain curve follows the line shape function of the 
Ri transition, the 0.2 nm separation resulted in a gain coef- 
ficient which was reduced from the peak value. Taking into 
account this reduced coefficient, the expected increase in the 
probe signal was calculated to be 1.27, which is in good 
agreement with the observed signal gain. 

We note that an optimal test of the calculational predic- 
tions would be a shock experiment performed at low tem- 
peratures. The expected signal gain due to the narrower line- 
width at low temperatures should be nearly a factor of 5. 
Shock experiments on ruby cooled to 77 K have been per- 
formed previously.14 However, the difficulty in overlapping 
the peak positions of the cw dye laser (linewidth of less than 
0.1 nm) and the shifted Rx line emission at 77 K (linewidth 
of approximately 0.1 nm) in a shock experiment has pre- 
vented such an experiment from being performed. A broad 
band, high intensity light source is required for the 77 K 
experiment. 

IV. CONCLUDING REMARKS 

We have observed stimulated emission in ruby using an 
experimental configuration similar to that used pre- 
viously1'2,6'7 to obtain time-resolved Ä-line luminescence 
measurements under shock compression and tension. At am- 
bient conditions signal gains ranging from 1.1 to 3.4 were 

observed, in good agreement with calculations performed for 
the particular experimental arrangement used. Signal gain of 
1.24±0.03, in agreement with the predicted signal gain of 
1.27, was also observed in a plate impact shock experiment 
These results make a good case for incorporating this tech- 
nique into the measurement of /Wine shifts in shocked ruby, 
and in particular in the development of ruby sensors for 
stress measurements.9 The advantage of using stimulated 
emission is that the stimulated signal is proportional to the 
inducing probe signal, and thus the signal strength is deter- 
mined by the probe strength. 

However, for this technique to be practical for shock 
wave experiments, a somewhat broad band, high intensity 
light source must be identified and incorporated into the ex- 
periments. We note that a possible fight source is fluores- 
cence from a dye solution excited by a pulsed laser. Such a 
light source has recently been used in picosecond time- 
resolved absorption/transmission measurements in shock 
wave experiments.15 The technique uses a pulsed Nd:YAG 
laser to obtain intense broad band emission (approximately 
100 nm spectral coverage) from a mixture of coumarin 500 
and DCM laser dyes. A similar technique using a pulsed 
laser with a pulse width on the order of a few ps and laser 
dyes which fluoresce near 700 nm may serve as a suitable 
broad band source for stimulated emission experiments. Fu- 
ture experimental work will investigate the use of such a 
light source. 
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I.   INTRODUCTION 

The development and use of miniature ruby sensors in shock wave (or dynamic 

loading) experiments was the principal objective of this project. This development is the 

culmination of a comprehensive research effort1"6 designed to develop purely optical 

stress sensors for use in high stress and high strain-rate loading environments. As 

indicated in the main part of the report, the successful development of such sensors will 

have broad applicability in many DOD programs involving rapid impulsive loading. 

In this Appendix, we describe the experimental methods and results related to the 

development of miniature ruby sensors and their use in a wide variety of sample 

materials (metals, polymers, ceramics, and geologic solids) subjected to plate impact 

loading. The use of plate impact loading ensures a state of uniaxial strain in the 

samples. This loading condition and the particular choice of sample materials 

(aluminum, PMMA, polycrystalline aluminum oxide, fused silica, and carrara marble) 

permit an accurate determination of longitudinal stresses in these materials from 

published shock wave studies. For two of these materials (fused silica and alumina), 

the complete stress state is known for uniaxial strain loading over the stress range of 

interest.7"9 For 6061-T6 aluminum, reasonable estimates can be made regarding the 

complete stress state.10 For PMMA7 and carrara marble11, it is difficult to determine the 

mean stress in the shocked state because of complexities in the material response. 

In the development and use of a new type of an in-situ sensor, it is important that the 

stress state in the sample materials be well characterized as much as possible. 

Because the stress state in the sensor will be different from the stress state in the 

material (due to differences in their mechanical properties), a good understanding of the 

stress state in the sample is necessary to understand and validate the sensor response. 
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II.  EXPERIMENTAL METHOD 

A. Overall Configuration and Approach 

The experimental configuration used in the present work is shown schematically in 

Figure 1. Because most aspects of the optical components and the recording 

instrumentation have been described elsewhere,4"6 only a brief summary is presented 

here. A 6.35 cm bore single stage, light gas gun was used to accelerate projectiles to 

the desired velocities.12 Either 6061 T6 aluminum or OFHC copper discs were mounted 

on the projectiles and impacted onto the samples to obtain the desired stresses in the 

various experiments; shock response of these materials has been well characterized. 

Miniature ruby sensors ranging from 400 urn to 1000 urn in diameter and 250 um in 

thickness were cut from polished ruby discs (19 mm diameter by 250 urn thick); the 

normal to the discs was oriented along the crystal c- or a-axis. Thus, all of the ruby 

chips used in our work had a well defined orientation. Each ruby chip was carefully 

examined to ensure that no cracks or blemishes were present and to ensure well 

polished surfaces and smooth edges. The miniature ruby sensors were bonded to 

either a fused silica optical fiber that had a 400 urn diameter fused silica core and 50 urn 

thick fused silica cladding or sapphire fibers with diameters ranging from 400 urn to 

1000 urn and no cladding. Prior to mounting the chip, the fiber was polished to ensure 

that the tip was flat and perpendicular to the fiber axis. The measured epoxy bond 

thickness between the ruby sensor and the fiber was typically ^5 urn. 

In all of the experiments conducted, the target (or sample) consisted of two parts: a 

thin cylindrical disc (35-38 mm in diameter and 0.8-1.5 mm thick) and a thick cylindrical 

disc (typically 16-19 mm thick) of the same material as the front buffer. The choice of 

the buffer disc and the various sizes cited here were a matter of convenience for sample 

assembly. All of these can be changed as needed for a given application. In the thicker 

disc, a suitable hole (20-50 urn larger than the optical fiber diameter) was drilled 

perpendicular to the impact face to embed the ruby gauge (ruby and fiber assembly) in 

the target. The ruby gauge was mounted in the target such that the sensor was flush 

with the impact side of the thicker disc. At this point in our initial experiments, the thin 

buffer disc was carefully bonded to the thicker disc. In later experiments, the ruby 

sensor face was first plated with a reflective aluminum or silver layer to reduce the 

required pump energy and to enhance signal collection prior to bonding the front buffer. 
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In our experiments, either a CW argon ion laser operating at 514.5 nm or a 

flashlamp pumped dye laser (~ 3 us pulse width) tuned to 514.5 nm was used to pump 

the ruby sensor. The use of a pulsed laser permits more efficient pumping of the ruby 

sensor. We note that the choice of 514.5 nm light was a matter of convenience. The 

two main absorption bands of ruby are broad and centered at -400 nm and -550 nm. 

Thus, a broad range of wavelengths could be used to efficiently pump the ruby. The 

use of a pulsed source coupled with the reflective coating yielded a significant 

improvement in the signal to noise ratio. A single optical fiber, as shown in Figure 1, 

was used to deliver the excitation light (514.5 nm) to the sensor and the sensor 

luminescence to the detection equipment. 

At the detection system, the luminescence signal was separated from the reflected 

excitation light using a dichroic beam splitter. A double spectrograph was used to 

spectrally disperse the signal followed by a streak camera to provide temporal 

dispersion. The two-dimensional streak image was intensified using an image 

intensifier and lens coupled to a CCD array. A multichannel analyzer was used to store 

the image and display it as intensity vs. wavelength vs. time. For three experiments, a 

0.5 meter single spectrograph was used instead of the double spectrograph to obtain 

better spectral resolution. 

The time resolution of the detection system was set between 50-110 ns per 

spectrum depending on the particular measurement. This time resolution was chosen 

to give an adequate number of spectra at peak pressure as well as permit a long 

recording duration. The limiting time resolution of the gauge is determined by the 

sensor dimensions. For the sensors used in these measurements, the limiting 

resolution was approximately 50-60 ns. This value is defined by the shock wave 

propagation times through the ruby thickness and lateral dimensions (the shock wave 

velocity in ruby is approximately 11 mm/us at these stresses). Because the gauge 

perturbs the stress distribution in the target material, the time for the gauge to come to 

equilibrium is in general longer than the resolution of the sensor itself. We emphasize 

that considerable flexibility exists for both the time resolution and time duration, and 

different values can be obtained by a suitable choice of sensor sizes, optical fibers, and 

detection equipment settings. 

Each spectrum was calibrated to convert pixel numbers to wavelengths. This was 
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accomplished by recording ruby R-lines (Ri = 6943Ä and R2 = 6929Ä) for five different 

spectrometer settings. The R-line peaks were fit to two Lorentzian functions and the 

peak position recorded. The five sets of pixel number and spectrometer setting were fit 

to a line that typically gave a dispersion of 0.6 A/pixel at the CCD. 

Two points need to be emphasized about the above method. The final procedure 

that was developed was the culmination of a long effort (more than a year) in which we 

had to learn how to carry out each of the operations properly. Even now, the gauge 

assembly is quite time intensive and requires considerable care to ensure proper 

fabrication. 

We note that only the miniature ruby disc, and not the fiber, acts as the stress 

sensor in our work. While the presence of the fiber can alter the dynamic stress 

distribution in and around the chip (the inclusion problem), its sole purpose is to transmit 

the light to and from the ruby sensor. Since the completion of this work, we have 

examined the use of fibers and chips of both smaller and larger sizes. 

III. RESULTS AND DISCUSSION 

A. Preliminary Measurements 

Preliminary measurements were made in 6061 T6 aluminum, OFHC copper, carrara 

marble, and alumina (Vistal) with peak longitudinal stresses ranging between 40-120 

kbar. As indicated earlier, the stresses reported here have been calculated from 

existing material models and correspond to the stresses in the material subjected to 

uniaxial strain (in the absence of the gauge). 

These preliminary experiments were conducted to determine the feasibility of 

embedding miniature ruby sensors and to establish a working experimental procedure. 

Initial ruby sensors were ultrasonically ground to 1 mm diameter. In subsequent 

experiments, the ruby sensors were laser cut from polished disks to yield more uniform 

and accurate dimensions with fewer defects. The early measurements also explored 

the use of lens coupling, direct fiber coupling, using different types of optical fibers, and 

verification that the epoxy used to bond the sensor and fiber remained transparent at 

high stresses. In general, the signal quality of these preliminary measurements was 

poor as compared with more recent measurements. However, the information 

gathered in these early measurements was central to the development of higher quality 
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gauges and for obtaining a better signal to noise ratio. 

A summary of the measurements performed, after the development of a satisfactory 

experimental procedure, is given in Table I. Experiments 1-6 represent preliminary 

measurements. The target materials include 6061-T6 aluminum (aluminum), carrara 

marble, and Vistal (polycrystalline Al203) with longitudinal stresses ranging from 40 kbar 

to 80 kbar. 6061 T6 aluminum was chosen because of a well characterized shock 

response, ease of machining, and the good impedance match to the embedded fused 

silica optical fiber. To examine the feasibility of ruby measurements in non-metallic 

targets, we carried out one experiment with a carrara marble target (40.8 kbar) and one 

successful measurement with a Vistal target (80.6 kbar). Carrara marble undergoes 

elastic-plastic deformation and a phase change, and its shock response has been 

examined carefully by Aidun and Gupta.11 Vistal is mechanically very similar to 

sapphire and should minimize the perturbations to the stress field due to the presence 

of the gauge. 

Figure 2a shows typical spectra from a preliminary experiment with a ruby gauge 

embedded in aluminum and shock loaded to a peak longitudinal stress of 54 kbar. For 

times less than t = 0 (before the shock wave reaches the sensor), ambient positions of 

the R-lines are observable. The spectra at time t = 0 has spectral information from both 

the ambient state and the shocked state. At times greater than t = 0 and less than 2.7 

us, the R-lines are red-shifted due to the applied stress. For times greater than 2.7 us, 

there is a broad background increase across the spectral window, the observable R-line 

intensities decrease dramatically, and the R-lines begin to blue-shift toward the ambient 

position. The broad background increase is likely due to the fracture of the optical fiber 

when the shock wave gets to the rear surface of the target. The blue shift is caused by 

a lateral release wave due to the finite lateral dimensions of the sample. Release 

waves from the back of the impactor and back of the sample do not arrive at the sensor 

for ~4 us and ~6 us respectively. 

There is a substantial decrease in the R-line intensities after the shock wave 

reaches the sensor. Because all the required information is contained in the spectral 

shift of the R-lines, the change in intensity does not appreciably affect the results. As 

compared to more recent measurements, the intensity decrease in the preliminary 

measurements was more pronounced and, in general, the time duration of the signal at 
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the shocked state was shorter. 

Reference data were taken just prior to the shock measurement. Spectra in both the 

reference and shocked states were fit to the sum of two Lorentzian functions and a 

constant background to obtain the R-line peak positions, intensities, and full width at 

half maximum (FWHM). The results of these fits are shown in Figure 2b as R-line shifts 

vs. time. As has been noted previously,4 the R2 line is only sensitive to the mean stress 

in the ruby, and the R1 - R2 splitting is a measure of the stress difference. Because 

aluminum has a low strength, we expect the R1 and R2 line shifts to be nearly equal. 

From Figure 2b, the shift for both the R-lines are nearly the same for the duration of the 

measurement. In fact, experiments 1-4 in Table I show that the R- line shifts are nearly 

equal (within the experimental precision) for all the initial measurements. 

The measurement made with a carrara marble target (Table I, experiment 5) was to 

determine if the ruby gauge could be used in materials other than metals. The results 

showed higher than normal error bars due to an error in the acquired calibration 

spectra. However, the data were of good quality for 5.7 us after the shock wave 

reached the sensor. The R-line shifts were nearly equal, indicating comparable lateral 

and longitudinal stresses in the sensor. Because the shock response of the marble is 

complicated,11 we did not attempt to analyze the data further. However, the positive 

results showed the applicability of the sensor to a wider range of materials. 

To determine if the gauge configuration in the present work gave a similar output as 

past measurements,2"5 using large ruby discs sandwiched between two sapphire 

windows, we mounted a c-axis ruby sensor to the tip of a c-axis sapphire fiber and 

embedded the assembly in Vistal (Table I, experiment 6). In this measurement the 

optical fiber broke at the back of the target before the experiment was conducted. The 

protruding portion of the fiber was polished and the gauge signal was acquired from the 

fiber using lens coupling. The target was shock loaded to 80 kbar and R-lines were 

recorded for 1.8 us at 50 ns resolution. The signals were of good quality and the shifts 

recorded matched the earlier c-axis ruby measurements reasonably well2. This was the 

first measurement where a change in the R-line splitting was observed. The success of 

this measurement showed that the gauge could provide data up to 80 kbar peak stress 

in the target and that the measured R-line shifts were consistent with earlier results. 
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B. Recent Measurements 

After a working gauge configuration was developed, an effort was undertaken to 

measure the gauge response in several well defined experiments. Three materials 

were chosen for these measurements; 6061 T6 aluminum, Rohn & Haas plexiglass II 

UVA, and Dynasil 1000 fused silica. As indicated earlier, the shock wave response of 

these materials has been well characterized in previous studies.7,8,10'13 Hence, the 

gauge response can be examined in terms of the known sample response. Additionally, 

these three materials have a considerably different response under shock wave 

compression. The ten experiments performed are summarized in Table I. The 

longitudinal stress values listed correspond to uniaxial strain loading in the sample and 

reflect the values in the absence of the gauge. Mean stress values are listed only for 

Vistal, fused silica, and aluminum samples; for PMMA, we have listed the mean stress 

below the HEL (approx. 7.6 kbar).13 Mean stress values have been provided only when 

we can determine them with reasonable confidence. Except for aluminum, these values 

correspond to an elastically compressed state.    For aluminum, the mean stress values 

were determined from an elastic-plastic, strain-hardening material response.10 

A total of 5 measurements were made in aluminum with peak longitudinal stresses in 

the target ranging between 21-61 kbar. Data from a typical aluminum measurement are 

shown in Figure 3. The aluminum target was shocked to 40 kbar with spectra recorded 

every 100 ns. The first twelve spectra (prior to t = 0) show the R-lines at ambient 

conditions before the shock wave has reached the sensor. The spectrum at time, t = 0 

is a superposition of the positions of the R-lines at ambient conditions and in the 

shocked state; this spectrum is convenient for establishing the arrival of the shock wave 

at the sensor. The spectrum at t = 0 shows a slight increase in the background which 

disappears in the following spectrum. This may be due to a small gap between the 

sensor and the back surface of the front buffer. For the next 1.5 us, the R-lines red shift 

while the sample is under uniaxial strain. Beyond 1.5 us, the spectra blue shift back to 

the nearly ambient position and then begin to gradually red shift starting at the 3 us 

mark. The blue shift following the initial red shift is due to lateral release from the lateral 

edge of the impactor. The 5 us recording time is shorter than the time for reflections to 

arrive from the backside of either the aluminum impactor or the aluminum target. 

Hence, the temporal changes observed in Figure 3 are entirely due to lateral 
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disturbances. This finding leads to an important conclusion: the ruby gauge can be 

used to obtain data when the sample is subjected to 2-D loading. Because of the higher 

signal to noise ratio in these recent experiments, the R-line splitting could be measured 

with higher resolution. However, as can be seen from Figure 3b and experiments 7-11 

in Table I, the R-line splitting is small and cannot be resolved within the precision of the 

measurements. 

Several items are immediately apparent when comparing Figures 2 and 3. Most 

obvious is the improvement in the signal to noise ratio. This improvement permits more 

accurate determination of the peak positions. In addition, the R-lines are observable for 

a longer time; a good signal to noise ratio is maintained even at late times; the signal 

intensity does not drop as significantly upon the arrival of the shock front at the sensor; 

and the signal recovers fully when the stress is released. 

In addition to the aluminum experiments, several experiments using PMMA samples 

were performed (Table I, experiments 12-15) with peak longitudinal stresses ranging 

from 3 kbar to 20 kbar. Figure 4 shows the fitted results for the R-line peaks in PMMA 

shocked to 20 kbar. For times less than t = 0, the sensor is at ambient stress. 

However, the R-line positions show an apparent small shift. This apparent shift was 

likely caused by a small change in the spectrometer setting just prior to the shock 

measurement (this inference was verified as a plausible cause through subsequent 

testing of the system). For the next 3 us, the R-lines gradually red-shift to higher 

wavelengths. 

The data in Figure 4 are qualitatively in good agreement with the published 

response7 for shocked PMMA. Particle velocity measurements, using laser 

interferometry, show a rapid initial jump followed by a gradual increase to the peak 

value. This behavior is compatible with the rate dependent response of PMMA. 

Between 3 us and 3.5 us the R-line positions are nearly constant, followed by a 

gradual blue shift from a release wave arising from the back of the impactor. Because 

of the higher impedance of the aluminum impactor, the release wave results only in a 

partial unloading of the sample. For times greater than 5 us, the R-line positions are 

again constant. As can be seen from Figure 4, the R-line splitting was small but 

measurable. In general, the R-line splitting from the PMMA experiments was 

measurable (see Table I) indicating that the sensor is subjected to a different 
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longitudinal and lateral stress (refer to Table I). In all of the measurements where R-line 

splitting was observed, the splitting disappeared upon release wave arrival. Without a 

detailed analysis, it is difficult to comment on this finding. 

For the lowest stress measurement, the dispersion of the spectrometer was 

increased to give a 0.3 A/pixel resolution at the detector. Even with this resolution, the 

R-line shift was only 5 pixels at peak stress. However, because of the high quality 

signals, the scatter in the fitted peak positions of sequential spectra was less than 1/6 of 

a pixel. The result of the 3.0 kbar measurement in shocked PMMA indicates that the 

ruby gauge can be used with good precision even at very low stresses. 

One measurement was made in fused silica at a peak longitudinal stress of 40 kbar. 

Because the optical fiber material matches the target material in this experiment, the 

perturbation of the stress field in the target due to the presence of the fiber is minimized. 

That is, the ruby sensor is embedded in a sample subjected to uniaxial strain loading. 

Figure 5 shows the fitted peak positions of the R-lines as a function of time. The 

recording time resolution for this experiment was set to 50 ns per spectra. For times 

between 0 and 1.1 us, the sample is under constant uniaxial strain. For about 400 ns 

after the initial jump, the R-lines gradually blue shift to a constant value with a splitting of 

3.4 A. The 400 ns needed to achieve the constant values of the R-line positions is likely 

an indication of the stress state in the ruby sensor coming to an equilibrium with the 

fused silica surroundings. It is interesting to note that the R2 line position changes more 

during this time than the Ri line position.   As shown elsewhere,4 the R2 line position 

corresponds to the mean stress in the ruby. Hence, the data in Figure 5 suggest that 

the mean stress in the ruby takes longer to equilibrate. This is not surprising because, 

most likely, the lateral stress equilibration in the ruby would take longer than the 

longitudinal stress equilibration. Between 1.1 to 1.2 us, the release from the back of the 

fused silica impactor is observed in the gauge response. At approximately 1.5 us, the 

R-lines shift back to nearly ambient positions. The 1 A residual shift at late times is 

beyond the experimental precision value and its origin is not understood at this time. 

Finally, we point out that the largest RrR2 splitting (in the peak state) shown in Table 

I was observed in the fused silica. This is in accord with the stress difference obtained 

from Conner's work8 and indicated by the stress values shown in Table I. 
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C. Discussion 

The R-line shifts listed in this report have not been converted to stress histories 

because the procedures for inverting the measured R-line shifts to obtain stresses that 

would be present in the samples have not been worked out completely. The difficulty is 

not in relating the R-line shifts to stresses in the ruby. Instead, it is the relationship 

between the stresses in the sensor and the stresses in the sample that needs to be 

worked out (the gauge-matrix interaction or the inclusion problem). Such a 

determination would require 2-D numerical calculations similar to those carried out 

recently to analyze lateral piezoresistance gauge response under shock wave loading.14 

Work is currently underway to examine inversion of the ruby R-line shifts to obtain 

sample stresses. 

Although the sensor data obtained here have not been inverted from the R-line shifts 

to stress, some comments based on our earlier work where the ruby crystals were 

subjected to plane wave loading are in order.2"5 The R2 line shift is related directly to 

the mean stress in the sensor.4 The R1 - R2 splitting is a measure of the stress 

difference in the sensor.2"5 Also, we point out that the "forward problem" involving the 

calculation of the R-line shifts for an assumed sample response can be carried out 

using 2-D numerical simulations. We have developed the procedures to interface our 

piezoluminescence model to the 2-D, wave code calculations. Thus, data similar to 

those reported here can be used to evaluate the dynamic material response using 

numerical simulations. 

To gain some insight into the ruby R-line shifts in the different materials, we have 

plotted Ri and R2 line shifts as a function of peak longitudinal stresses in Figures 6 and 

7, respectively. Recall, that longitudinal stresses (corresponding to uniaxial strain 

loading in the samples) are known quite accurately for all of the materials from previous 

shock wave studies. While some inferences can be made regarding the ruby R-line 

response in each of the materials, no general trends are apparent. This is not 

surprising because of two main factors: the R-line shifts are not expected to be a simple 

function of the sample longitudinal stress, and the presence of the optical fiber, in 

general, perturbs the stress field in the sample. 

In Figure 8, we plot only the R2 line shifts as a function of sample mean stress. We 

have chosen to plot only those measurements for which the sample mean stress can be 
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determined reasonably well from independent approaches. In contrast to Figures 6 and 

7, a consistent trend is quite apparent. The R2 line shifts correlate quite well with the 

sample mean stresses. However, caution is warranted for several reasons: most of the 

data are for aluminum; despite the closeness of the slopes for the two lines shown, 

there is a constant offset which is not currently understood; in most of these 

experiments (except for PMMA), the optical fiber was a reasonably good impedance 

match to the sample material; the Vistal result is somewhat off. We caution against 

using the dashed line as a calibration curve for using the R2 line shifts to obtain sample 

mean stresses. A careful analytic/numerical effort is needed to understand results in 

Figures 6-8 before a good calibration curve can be established. 

Finally, the practical limits for using these gauges are not presently known. The 

experiments to date have provided good data up to 80 kbar. However, the ruby itself 

does not yield till 145-150 kbar (c-axis) and 170 kbar (a-axis), and good fluorescence 

data have been observed to 170 kbar in other configurations.   Work is currently 

underway to extend the stress range of the ruby gauges and to obtain higher time 

resolution. 

IV. CONCLUDING REMARKS 

The miniature ruby gauges developed at Washington State University have 

produced good quality signals in a wide variety of materials shocked from 3 kbar to 80 

kbar. The experimental developments reported here show that miniature optical stress 

sensors can be used successfully to examine the dynamic material response of metals, 

ceramics, polymers, and geologic solids. The present work constitutes an excellent 

start and further work needs to be carried out before the experimental developments 

reported here can be used routinely. Experiments need to be carried out to 

quantitatively establish the experimental limits including the stress bounds, accuracy, 

and time resolution. 

More importantly, a careful analytic/numerical effort needs to be undertaken to 

develop accurate procedures to invert the sensor output in a meaningful manner. 

Numerical solutions, similar to those carried out for piezoresistance gauges,14 are 

needed to develop an in depth understanding of the gauge response and to establish 

procedures to analyze the gauge output. 
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Figure 2a: Time resolved spectra from a preliminary experiment with a ruby gauge embedded in 

6061 T6 aluminum shocked to 54 kbar. Sequential spectra were taken every 100 ns. The shock 
wave reaches the sensor at time t = 0. 
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Figure 2b: Fitted peak positions of the ruby Rl and R2 lines as a function of time. 
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Figure 3a: Time resolved R-line spectra from a ruby gauge embedded in 6061 T6 aluminum 
shocked to 40 kbar. The shock wave arrives at the gauge at 0 jxs followed by a lateral release 
wave from the edge of the impactor starting at 1.5 /is. 
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Figure 3b: Fitted peak positions of the ruby Rl and R2 lines as a function of time. 
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